We recently described an example of protein import into Gram-negative bacteria for nutrient acquisition whereby phytopathogenic Pectobacterium spp. are able to import ferredoxin into the periplasm for proteolytic processing and iron release via the ferredoxin uptake system. Although the outer membrane ferredoxin receptor FusA and the periplasmic ferredoxin processing protease, FusC, have been identified, the mechanistic basis of ferredoxin import is poorly understood. Based on structural analysis of the FusC-ferredoxin complex, an additional role for FusC in direct mediation of protein import has been suggested.
Introduction
Bacteria have evolved a number of strategies for the acquisition of iron and other nutrients in which TonB-dependent receptors (TBDRs) play a central role 1 . In the case of siderophore-mediated iron acquisition the iron-siderophore complex is imported into the cell, captured by a siderophore-specific periplasmic binding protein and delivered to an ABCtransporter for import to the cytoplasm 2 . For iron acquisition from large host proteins such as transferrin, the iron-containing protein is captured at the cell surface through TBDR binding and the iron is stripped at the cell surface by an associated outer membrane (OM) lipoprotein and subsequently transported through the lumen of the TBDR 3 . In addition to the outer membrane receptor, whose lumen constitutes the translocation route, this form of transport requires a complex of three proteins anchored in the inner membrane: TonB, ExbB and ExbD 4, 5 . The ExbBD-TonB complex allows the entry of the nutrient by removal of a force-labile portion of the plug domain, which obstructs the receptor lumen 6 . ExbB and ExbD are related to the flagellar motor proteins and harness proton motive force to energise the transport process.
In addition to the uptake of iron, siderophores and other metal chelating compounds such as vitamin B12, TBDRs also transport complex carbohydrates and simple sugars 7 . A recent study has also described the role of a TonB-dependent receptor in protein export, suggesting that TonB-dependent receptors are highly adaptable to the transport of diverse substrates across the OM 8 . The flexibility in the range of substrates that are amenable to transport by TBDRs is exploited by protein antibiotics such as colicins and pyocins that use TBDRs as their primary cell surface receptor and translocator 9 . As with the uptake of nutrients, translocation of colicins and pyocins via TBDRs is PMF-dependent, although in these cases periplasm-spanning protein TonB is required both to remove the force labile region of the TBDR-plug domain and to then to energise protein translocation across the OM 10 . Protein M2, which we have previously described, parasitise the ferredoxin uptake system through an N-terminal ferredoxin domain that is highly homologous to plant ferredoxins 13, 14 .
More recently, the X-ray structure of FusC bound to ferredoxin has been reported, which shows that substrate recognition occurs at a site distant from the active site 15 .
Furthermore, only parts of the ferredoxin molecule are visible in the structure, implying that the bound substrate is largely unstructured. Based on these data, it was suggested that ferredoxin transport occurs by means of a Brownian ratchet mechanism in which FusC acts as a periplasmic anchor to facilitate translocation of ferredoxin across the OM via the lumen of FusA 12, 15 . Similar mechanisms have been postulated to account for mitochondrial protein uptake, whereby cytoplasmically synthesised proteins are translocated via the TOM and TIM23 complexes 16, 17 . As such, this would represent a hitherto unexpected evolutionary link between mitochondrial and plastid protein import and bacterial protein import via the Fus and other postulated protein uptake systems.
In this work we show that FusC does not facilitate ferredoxin import and that like the import of other TBDR substrates, ferredoxin uptake is PMF-dependent. Instead, we show that the TonB-homologue encoded within the fus operon, FusB, is required for PMF-dependent ferredoxin import and the mechanism of ferredoxin import involves a direct interaction between FusB and the ferredoxin substrate. The direct interaction of the TonB-like protein with substrate is unprecedented and explains the requirement for the system-specific TonBhomologue in the Fus system. Our data also show that, in addition to the direct interaction with the substrate, FusB fulfils another role -similar to other TonB proteins -in interacting with the TonB-box of FusA for plug displacement. Since multiple genes encoding TonB-like proteins are commonly found in the genomes of Gram-negative bacteria this may be a common mechanism for the uptake of atypical substrates via TonB-dependent receptors.
Results

Ferredoxin import is independent of FusC but requires proton motive force
We previously showed that FusC is a highly specific protease that targets plant ferredoxin to release iron from this host protein in the periplasm of Pectobacterium spp.
However, it has also been suggested that FusC plays an additional role in iron acquisition through a direct involvement in ferredoxin transport across the outer membrane by means of a Brownian ratchet mechanism, specifically acting as a periplasmic anchor 15 . Our own previous work suggests that if FusC does play a role in ferredoxin import this role is not essential since the accumulation of Arabidopsis ferredoxin can still be observed in a P. carotovorum LMG2410 (PcLMG2410) strain lacking FusC 11 . However, using Arabidopsis ferredoxin (FerAra) it is not possible to directly compare the rate and extent of ferredoxin uptake between wild-type and ΔfusC P. carotovorum since FerAra is cleaved by FusC on import to the periplasm in the wild-type strain; hence, based on these data, we could not rule out a role for FusC in ferredoxin import.
To test the hypothesis that FusC facilitates translocation of ferredoxin to the periplasm we compared the uptake of potato ferredoxin (FerPot) in wild-type and ΔfusC PcLMG2410 since we had observed that, although -similarly to FerAra -it can be transported into cells ( Figure   1a ), unlike FerAra and spinach ferredoxin (FerSp), which both support robust growth of PcLMG2410 under iron-limiting conditions 12, 13 , it is not cleaved at an appreciable rate by FusC and so accumulates intracellularly in wild-type PcLMG2410 (Figure 1b ). To directly compare uptake of FerPot in wild-type and ΔfusC PcLMG2410, cells were grown under iron-limiting conditions through the addition of 2,2'-bipyridine and supplemented with FerPot. The amount of FerPot in whole cell extracts and the media was determined by immunoblotting. Levels of FerPot obtained from cell extracts increased at the same rate in whole cell extracts and rates of removal of ferredoxin from the media were similar ( Figure 1c ). These data show that FusC does not play a role in protein import and the role of FusC in iron acquisition is likely restricted to proteolytic processing of ferredoxin as we previously reported 11 .
To further probe the mechanism of ferredoxin uptake we tested the ability of Figure 1d ). Similar effects through the action of CCCP were observed on the intracellular accumulation of Arabidopsis ferredoxin by ΔfusC LMG2410. These data show that, analogously to other TBDR-mediated transport processes 10, 19 , the import of ferredoxin is PMF-dependent and a Brownian ratchet mechanism is unlikely to play a key role in ferredoxin import in Pectobacterium spp.
FusB mediates ferredoxin import into the periplasm
As we previously reported, in addition to fusA and fusC, the Fus operon carries additional genes that encode a TonB homologue, FusB, and an ABC-transporter FusD 12 .
Given the documented role of TonB in siderophore import in many bacterial species we supposed FusB may play a similar role in protein import, having perhaps evolved additional functionality required to mediate the passage of a large substrate through the lumen of the TBDR FusA. To test this hypothesis we created ΔfusA and ΔfusB strains in PcLMG2410 and initially probed them using growth enhancement assays under iron-limiting conditions. As ( Figure 2d ). The ferredoxin import phenotype lost in the ΔfusA and ΔfusB strains was restored by plasmid-based complementation of fusA and fusB, respectively (Figure 2e ). In these experiments the production of FusA and FusB is IPTG-inducible under the control of the T5 promoter, although in the case of FusB complementation, leaky expression in the absence of IPTG is sufficient to restore protein import to the periplasm, which was observed at reduced levels in the presence of IPTG (Figure 2e ).
To ensure that the abrogation of substrate import is not specific to FerPot we also monitored the ability of the ΔfusA and ΔfusB strains to utilise FerAra. However, for this substrate instead of measuring intracellular ferredoxin accumulation, we determined loss of ferredoxin from the growth media, since accumulation of FerAra is only observed in the LMG2410 ΔfusC strain ( Figure 2f ). Consistent with the internalisation assay and growth enhancement assays, ferredoxin content of the media decreased over time in the presence of wild type cells, but not in the presence of the ΔfusA and ΔfusB strains, indicating that both FusA and FusB are required for FerAra uptake (Figure 2g ).
FusB directly interacts with the 'TonB-box' of FusA
Having determined that the TonB-like protein FusB is required for ferredoxin import we aimed to determine the mechanism of ferredoxin uptake. Whole genome sequencing of PcLMG2410 revealed that, in addition to fusB, this bacterium carries 6 genes that encode TonB-like proteins. Including fusB, 5 of these are genetically linked to specific TonBdependent receptors ( Figure S1 ). The remaining gene encodes a TonB protein that exhibits the highest sequence similarity to E. coli TonB, which we refer to as PcTonB, and which we To determine if the PcTonB plays a role in ferredoxin uptake, we deleted the respective gene in PcLMG2410 and tested the growth enhancement phenotype of this strain in the presence of FerSp. In contrast to deletion of fusB, the loss of tonB did not reduce growth enhancement phenotype (Figure 3b ); in fact, the ΔtonB strain showed more prominent zones of growth enhancement in the presence of FerSp relative to the wild-type strain and showed increased intracellular accumulation of FerPot relative to wild-type PcLMG2410 (Figure 3c ).
However, PcLMG2410 ΔtonB exhibited poor growth in the presence of 2,2'-bipyridine relative to the wild-type strain (Figure 3d ), with very faint growth observable after 24 hours. These data indicate that, although PcTonB does play an expected generic role in iron uptake, this does not include iron acquisition from ferredoxin. Furthermore, despite the aforementioned observation that TonB interacts with FusA in vitro (and possibly in vivo), this interaction is not sufficient for ferredoxin uptake. Indeed there may be competition between FusB and TonB for complex formation with FusA, with only the FusB-FusA complex being productive with respect to ferredoxin uptake.
Given that FusB activity is PMF-dependent (see Figure 1d ), and TonB proteins normally energise TBDR plug removal via interaction with ExbBD, we reasoned that the products of exbB and exbD genes may play a role in ferredoxin import. Analysis of the PcLMG2410 genome sequence revealed the presence of 5 exbBD gene pairs, of which 3 are located within putative TBDR gene clusters, and one is encoded next to tol genes. The final exbBD pair does not seem to be genetically linked to a specific uptake system and, similarly to the lone tonB of PcLMG2410, these two genes share the highest sequence identity with their E. coli homologues (76 and 69%, respectively). Deletion of exbB resulted in abolition of the growth enhancement phenotype (Figure 3e ) and ferredoxin import into the cell (Figure 3f ); however, substrate import could be reinstated via plasmid-based complementation (Figure 3f , right). It is therefore likely, as with other TonB-dependent import systems, that the ExbBD motor complex couples the PMF to FusB, which can in turn energise FusA plug removal.
FusB interacts directly with the ferredoxin substrate
The ability of FusB and PcTonB to interact with FusA, but with only the former able to mediate ferredoxin uptake, suggests that FusB plays an additional role, which is essential for ferredoxin import. One possibility is that FusB directly interacts with the protein substrate after the initial binding of ferredoxin to FusA at the cell surface. To test this, we sought to determine This arginine motif is located within a loop/linker region of TonBs, connecting the periplasmicspanning and globular domains. Substitution of the two FusBCTD arginine residues with lysines rendered a folded protein which did not comigrate with ferredoxin in gel filtration or interact with the substrate in ITC experiments ( Figure S7) . Similarly, PcLMG2410 ΔfusB could not be complemented with a pFusB plasmid encoding the FusB R176K/R177K variant (Figure 4c ). Therefore at least one of these two arginine residues appears to be critical for FusB-substrate interaction.
Discussion
Our recent discovery that ferredoxin is imported into the periplasm of P. carotovorum revealed an unprecedented example of protein uptake for nutrient acquisition in Gramnegative bacteria 21 . In this work, we define key aspects of the mechanism of ferredoxin transport across the outer membrane. In a recent report and largely based on structural analysis of the FusC-ferredoxin complex, it was hypothesised that the M16 protease FusC acts as a periplasmic anchor that facilitates ferredoxin uptake by means of Brownian-ratchet mechanism 15 . This putative mechanism of protein uptake is similar to that proposed for the transport of mitochondrial proteins across the mitochondrial outer membrane, suggesting that there may be some evolutionary relationship between protein import in bacteria and bacterially derived organelles 16, 17 . However, the data presented here are inconsistent with this model, showing that ferredoxin import is independent of FusC. Instead, ferredoxin uptake requires both energy transduction from the PMF, the ExbBD complex and the TonB-like protein FusB.
Therefore, the mechanism of ferredoxin import shares some similarity with the mechanism of import of widely studied substrates of TBDRs, such iron siderophores and vitamin B12 4, 22 . For these substrates, according to the currently accepted models of TonB-dependent transport, the major role of TonB is in the displacement or partial displacement of the plug domain from their specific TBDRs 6, 10 .
Interestingly, in the case of FusA, both FusB and PcTonB are able to interact with its N-terminal region and so both these proteins may be able to facilitate displacement of the FusA plug domain. However, deletion of the genes encoding the two TonB proteins showed only FusB is essential for ferredoxin transport, demonstrating an additional role for FusB in this process that cannot be fulfilled by PcTonB. The ability of FusB to form a complex with ferredoxin, which PcTonB lacks, indicates that this additional role involves the direct interaction of FusB with the ferredoxin substrate and that this complex formation is essential for ferredoxin transport through the lumen of FusA. Consistent with this, we identified an arginine motif that is required for FusB-mediated ferredoxin uptake by P. carotovorum and formation of the FusB-ferredoxin complex.
Our current model of Fus-mediated iron acquisition, whereby FusB fulfils two distinct roles, is schematically shown in Figure 5 . We hypothesise that a single FusB molecule, associated with an ExbBD complex in the inner membrane, is sufficient for the import of one interactions between ferredoxin and the surface-exposed face of the plug -is likely to pull the ferredoxin further into FusA lumen. Once the substrate partially emerges on the periplasmic side, FusA-bound FusB dissociates from the FusA TonB-box and binds to the exposed surface of the ferredoxin. Given that the globular domain of FusB (~10 kDa) is of comparable size to plant ferredoxins (10-11 kDa), and the periplasm-spanning domain of FusB is longer than respective domains of other TonB-like proteins (FusB -179, PcTonB -143, EcTonB -130 residues up to the conserved YP motif), we speculate that FusB at least partially enters the lumen of FusA in order to interact with ferredoxin. The FusB-ferredoxin complex can then be pulled into the periplasm, using the ExbBD complex and PMF, after which the substrate is processed by FusC. Although we present a model relying on a single FusB per import cycle, we cannot exclude the possibility that the removal of FusA plug and ferredoxin import would involve two separate FusB molecules.
The occurrence of genes encoding multiple TonB-like proteins is a common feature of many Gram-negative bacteria 23 and in some cases specific TonB proteins are required for the uptake of specific substrates, as for TonB2 of Vibrio anguilarum for anguibactin uptake 24 , while others exhibit some level of functional redundancy 25 . However, to our knowledge the Fus system represents the substrate import system in which a TonB protein has been shown to directly interact with the substrate and that this interaction is required for substrate import. This additional functionality displayed by FusB may reflect the nature of the ferredoxin substrate, which is atypically large in comparison to the well-studied TBDR siderophore substrates. Due to the dimensions of the globular ferredoxin, which are similar to the lumen of its FusA TBDR 12 , ferredoxin is unlikely to be able to readily diffuse into the periplasm after removal of the FusA plug domain. We therefore hypothesise that the interaction of FusB with the substrate involves a further PMF dependent step required to pull the ferredoxin substrate through the lumen of FusA. In this respect, the uptake of ferredoxin is similar to the TonB-dependent uptake of the colicins and pyocins, which directly interact with TonB after threading their TonB boxcontaining intrinsically unstructured translocation domain (IUTD) though the lumen of their respective TBDR 10, 26 . However, since plant ferredoxins are highly stable proteins that lack unstructured regions, our hypothesis is that in order to contact ferredoxin, FusB must enter the FusA lumen and contact FusA-bound substrate at the cell surface. This proposed mechanism also accounts for why the ferredoxin-containing bacteriocins do not require an IUTD with a TonB-box to cross the P. carotovorum outer membrane, with FusB able to directly contact their ferredoxin receptor-binding domains at the cell surface, thus enabling parasitisation of the Fus system 12, 27 .
In summary we describe a novel mechanism of 'TonB-dependent' nutrient uptake that requires a direct interaction between substrate and cognate TonB protein. The occurrence of multiple TonB proteins in many Gram-negative bacteria suggests that similar mechanisms may operate for atypical TBDR substrates.
Material and Methods
Bacterial strains and media E. coli was grown in LB broth or plated on LB agar and grown at 37 °C. DH5α and BL21 (DE3) strains were used as host strains for cloning and for IPTG-induced protein expression, respectively. P. carotovorum was grown in LB broth or plated on LB agar at 30°C with the addition of the iron chelator 2,2′-bipyridine where specified. LB media and agar for culturing plasmid-complemented deletion strains always contained 100 μg ml -1 ampicillin.
Generation of gene knockout strains and plasmids
The Fus operon, TonB and ExbBD sequences were determined from the genome sequence of P. carotovorum LMG2410 28 . Genes in of PcLMG2410 were deleted using the lambda red method as described previously 11, 29 . The primers used for amplifying the kanamycin cassette from pKD4 template plasmid, gene sequences from genomic DNA and plasmid site-directed mutagenesis are listed in Table S1 . The gene knockouts were confirmed by PCR and sequencing. Table S2 shows all the plasmids used in this study. To construct all plasmids, except pFusANTR-GFP, the respective genes were amplified from wild-type genomic DNA using primers that contained flanking regions with NdeI (forward) and XhoI 
Protein production and purification
FusC, FusBCTD, TonBCTD, FusANTR-GFP and all ferredoxin proteins were overproduced in E. coli and purified as described previously 11, 12 , except spinach ferredoxin (FerSp) which was purchased from Sigma. GFP alone used as a negative control in ITC was produced by cleavage of FusANTR-GFP with TEV protease for 2 hours at RT, at 50:1 ratio. The resulting GFP-His8 was separated from residual TEV protease by size-exclusion chromatography and the removal of the N-terminal region of FusA was confirmed by SDS PAGE.
Growth enhancement assays
Growth enhancement in the presence of ferredoxin was performed on solid media as previously described 11 . Briefly, 10 ml of 0.8% pre-cooled agar was supplemented with 50 µl of mid-log culture in LB media and poured onto an LB agar base containing 400 µM 2,2'-bipyridine (and 0.2 mM IPTG where specified). For plasmid based complementation, 100 µg/ml ampicillin was added to the LB media base. 4 µl of ferredoxin at specified concentration was spotted onto the solidified plate. For growth enhancement in liquid media bacteria were grown in M9 minimal media. 10 ml cultures were inoculated with 1 in 50 dilution of overnight LB cultures and upon reaching OD600=0.45 they were supplemented with 0.2 μM FerAra and growth was monitored by measuring the OD600 for 6 hours.
Ferredoxin internalisation and depletion assays
The time course of ferredoxin internalisation was initiated by supplementing LB 
Isothermal titration calorimetry
Experiments were performed on a MicroCal iTC200 instrument (Malvern) at 25°C in 10 mM Tris-HCl pH 7.5, 150 mM NaCl, with differential power set to 3. All proteins were dialysed against the ITC buffer overnight at 4°C except FusBCTD and TonBCTD, which were passed through gel filtration in ITC buffer immediately before the experiment. Each type of titration was repeated at least once using different batches of purified proteins. 2 µl injections were used and titrations were continued until the signal represented heats of dilution. The magnitude of heats of dilution for each titrant was established in a separate experiment, where the titrant was injected into buffer. 
